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ABSTRACT 

The s t a t i s t i c a l  m e c h a n i c a l  s o l i d  s o l u t i o n  t h e o r y  o f  

van d e r  Waals and P l a t t e e u w  h a s  been  a p p l i e d  t o  s t u d y  t h e  

e x p e r i m e n t a l l y  d e t e r m i n e d  t h r e e - p h a s e  h y d r a t e - w a t e r  r i c h  

l i q u i d - g a s  l o c u s  of  me thane ,  a r g o n  and  n i t r o g e n - w a t e r  up  

to a n  u p p e r  p r e s s u r e  o f  5O,OOO p i s a .  The r e s u l t s  o f  c a l c u -  

l a t i o n s  show t h a t  t h e  s o l i d  s o l u t i o n  t h e o r y  can be a p p l i e d  

t o  t h e  h y d r a t e s  q u i t e  w e l l  when t h e  caged  gas i s  a s p h e r i c a l  

m o l e c u l e  b u t  c a n  d e v i a t e  for s l i g h t l y  n o n - s p h e r i c a l  m o l e c u l e s  

a t  h i g h  p r e s s u r e .  At h i g h e r  p r e s s u r e s  t h e  h y d r a t e  numbers  

c a l c u l a t e d  f rom t h i s  t h e o r y  a p p r o a c h e d  t h e  number of 5 3/4 

which  i s  based on c o m p l e t e  o c c u p a t i o n  o f  a l l  t h e  c a v i t i e s .  

&dc1-'. ~ L - W M d ~  
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T h e o r e t i c a l  Development  

A .  H y d r a t e  S t r u c t u r e :  The s t r u c t u r e  o f  gas hydra tes  

t h r o u g h  15, 16 was d e t e r m i n e d  by Von S t a c k e l b e r g  and  M u l l e r  

t h e  u s e  o f  X-ray d i f f r a c t i o n  t e c h n i q u e s .  S t r u c t u r a l  a r r a y s  

c a p a b l e  o f  f i t t i n g  t h e s e  d a t a  were f o r m u l a t e d  by C laussen '  

and P a u l i n g  and Marsh13 who s t a t e  t h a t  a l l  gas h y d r a t e s  

c r y s t a l i z e  i n  e i t h e r  o f  two c u b i c  s t r u c t u r e s  which  h a v e  been  

l a b e l l e d  S t r u c t u r e  I and S t r u c t u r e  11. The h y d r a t e d  m o l e c u l e s  

a r e  s i t u a t e d  i n  c a v i t i e s  formed by a framework o f  water mole-  

c u l e s  l i n k e d  t o g e t h e r  by hydrogen  b o n d s .  The h o s t  l a t t i c e  by 

i t s e l f  i s  t h e r m o d y n a m i c a l l y  u n s t a b l e ,  b u t  i s  s t a b i l i z e d  by t h e  

i n c l u s i o n  o f  a second  component w i t h i n  t h e  l a t t i c e .  

The u n i t  c e l l  of S t r u c t u r e  I c o n t a i n s  46 water m o l e c u l e s  

e n c l o s i n g  two t y p e s  of  c a v i t i e s :  

1. S i x  p e n t a g o n a l  d o d e c a h e d r a  c a v i t i e s  c o n s i s t i n g  

of  t w e n t y  water m o l e c u l e s  e a c h  l o c a t e d  a t  t h e  v e r t i c e s  and  

c e n t e r  o f  t h e  u n i t  c e l l .  

2 .  Two t e t r a k a i d e c a h e d r a  c a v i t i e s  h a v i n g  two 

o p p o s i t e  h e x a g o n a l  f aces  and  t w e l v e  p e n t a g o n a l  f a c e s  s e r v i n g  

t o  c o n n e c t  t h e  r e g u l a r  d o d e c a h e d r a .  

The p e n t a g o n a l  dodecahedra  a r e  smaller  t h a n  t h e  two t e t r a -  
0 

k a i d e c a h e d r a ,  h a v i n g  a n  average r a d i u s  o f  3.95 A a s  compared 

with 4.30 A f o r  t h e  t e t r a k a i d e c a h e d r a .  T h u s ,  i f  a l l  c a v i t i e s  

were f i l l e d ,  t h e  maximum h y d r a t e  number f o r  S L r u c t u i . e  I wo-icld 

be  46/8 o r  5 3/4. 

0 
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The u n i t  c e l l  o f  S t r u c t u r e  I1 i s  composed o f  136 wa te r  

m o l e c u l e s  a r r a n g e d  t o  fo rm s i x t e e n  smaller c a v i t i e s  and  e i g h t  

l a rger  c a v i t i e s .  The  smaller c a v i t i e s  a re  d i s t o r t e d  d o d e c a -  

h e d r a  w i t h  a n  a v e r a g e  r a d i u s  o f  3.91 8 w h i l e  t h e  l a rger  c a v i -  

t i e s  a r e  a l m o s t  s p h e r i c a l  w i t h  a n  a v e r a g e  r a d i u s  o f  4.73 8 .  
S t r u c t u r e  I1 i s  formed o n l y  by h y d r a t e d  m o l e c u l e s  wh ich  are  

t o o  la rge  t o  f i t  w i t h i n  t h e  c a v i t i e s  o f  S t r u c t u r e  I .  The 

f o r e g o i n g  c a l c u l a t i o n s  a r e  c o n c e r n e d  w i t h  h y d r a t e s  f a l l i n g  i n  

t h e  S t r u c t u r e  I c a t e g o r y .  
11 

I n  t h e  p r e v i o u s  p a p e r  , it  was r e p o r t e d  t h a t  t h e  p r e s s u r e -  

t e m p e r a t u r e  p r o j e c t i o n s  o f  me thane ,  a r g o n ,  and  n i t r o g e n  h y d r a t e s  

e x h i b i t e d  n o  d e t e c t a b l e  a b n o r m a l i t y  a t  h i g h  p r e s s u r e .  From 

t h i s ,  it was e x p e c t e d  t h a t  t h e  change  o f  t h e  c r y s t a l  s t r u c t u r e  

o f  t h e  same h y d r a t e s  would n o t  o c c u r  i n  t h e  r a n g e  of p r e s s u r e  

s t u d i e d .  

B.  O u t l i n e  of t h e  s o l i d  s o l u t i o n  t h e o r y :  The d e r i v a t i o n  

o f  t h e  s o l i d  s o l u t i o n  t h e o r y  of c l a t h r a t e  i s  g i v e n  by 

van  d e r  Waals and  P l a t t e e u w  . The g e n e r a l  t h e o r y  i s  d e v e l o p -  

e d  f o r  a l a t t i c e  f o r m e r  d e n o t e d  by W wh ich  can  e x i s t  i n  (1) 

a m e t a s t a b l e  m o d i f i c a t i o n  W6 (empty  c l a t h r a t e  l a t t i c e ) ,  ( 2 )  

a s t a b l e  c r y s t a l l i n e  m o d i f i c a t i o n  Wd 

m o d i f i c a t i o n  WL . 

18 

, and  (3)  a l i q u i d  

The b a s i c  e q u a t i o n s  which d e s c r i b e  t h e  c l a t h r a t e  a r e :  

(1) 
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I n  E q u a t i o n  (1) 

i n  t h e  hydra t e .  The term 

o f  water i n  t h e  empty l a t t i c e  s t r u c t u r e  m o d i f i c a t i o n .  The t e r m  

v; d e n o t e s  t h e  number of  c a v i t i e s  o f  t h e  t y p e  i p e r  m o l e c u l e  

of  water .  For gas hydra tes  o f  S t r u c t u r e  I &, = 1/23 and  

,,, r e p r e s e n t s  t h e  chemical p o t e n t i a l  o f  water,  

@ r e p r e s e n t s  t h e  c h e m i c a l  p o t e n t i a l  
P 

b 

))” = 3/23, f o r  t h o s e  o f  S t r u c t u r e  I1 )), = 2/17 and  = 

1/17. 

o c c u p i e d  by a gas m o l e c u l e  K .  E q u a t i o n  (1) i s  a g e n e r a l i z e d  

f o r m  of R a o u l t ’ s  law f o r  a s o l v e n t  when t h e  s o l v e n t - s o l u t e  

i n t e r a c t i o n  i s  n e g l i g i b l e .  E q u a t i o n  ( 2 )  i s  e q u i v a l e n t  t o  a 

Langmuir  i s o t h e r m  f o r  l o c a l i z e d  a d s o r p t i o n  w i t h o u t  i n t e r a c t i o n  

be tween t h e  a d s o r b e d  m o l e c u l e s .  fH i s  t h e  f u g a c i t y  o f  s o l u t e  

K i n  t h e  h y d r a t e .  

E q u a t i o n  (3 )  d e f i n e s  t h e  Langmuir c o n s t a n t  u s e d  i n  E q u a t i o n  ( 2 ) .  

The term h K L  (T,V) r e p r e s e n t s  t h e  m o l e c u l a r  p a r t i t i o n  f u n c t i o n  

of  a s o l u t e  m o l e c u l e  of  t y p e  K e n c l o s e d  i n  a c a v i t y  o f  t y p e  i. 

The term 

m o l e c u l e  o f  t y p e  K w i t h  t h e  volume f a c t o r  removed.  T and  K 

r e p r e s e n t  t h e  t e m p e r a t u r e  and Boltzmann c o n s t a n t ,  r e s p e c t i v e l y .  

The term $ k L  i s  t h e  f r a c t i o n  of  c a v i t i e s  of  t y p e  i, 

The t e r m  C k i  r e p r e s e n t s  t h e  Langmuir c o n s t a n t .  

QR(T) i s  t h e  m o l e c u l a r  p a r t i t i o n  f u n c t i o n  o f  s o l u t e  
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For a c l a t h r a t e  t o  e x i s t  i n  e q u i l i b r i u m  w i t h  t h e  c r y s t a l -  

l i n e  m o d i f i c a t i o n  Wd , or t h e  l i q u i d  m o d i f i c a t i o n  WL : 

p w  =pi Ot- 
r e p r e s e n t  t h e  c h e m i c a l  p o t e n t i a l s  of  r: Here /"." and 

c r y s t a l l i n e  and  l i q u i d  m o d i f i c a t i o n s  r e s p e c t i v e l y .  p: and r :  a re  f u n c t i o n s  o f  p r e s s u r e  and  t e m p e r a t u r e  a l o n e ,  How- 

e v e r ,  pk i s  a l s o  d e p e n d e n t  on c o m p o s i t i o n .  

L e t t i n g  

(4) 

t h e n  

The p r e s e n t  t r e a t m e n t  d e a l s  p r i m a r i l y  i n  d e t a i l  w i t h  t h e  f i t  

o f  t h e  s o l i d  s o l u t i o n  t h e o r y  t o  t h e  e x p e r i m e n t a l  d a t a  of 

t h e  t h r e e  p h a s e  h y d r a t e - w a t e r  r i c h  l i q u i d - g a s  c u r v e s  i n  t h e  

r e g i o n  above  t h e  q u a d r u p l e  p o i n t .  

11 

E v a l u a t i o n  of t h e  C e l l  P a r t i t i o n  F u n c t i o n  

The g e n e r a l  e q u a t i o n s  for a c l a t h r a t e  c o n t a i n  o n l y  t h e  

c e l l  p a r t i t i o n  f u n c t i o n  A T L a s  a n  unknown, t h e  e v a l u a t i o n  of  

wh ich  a l l o w s  t h e  p r e d i c t i o n  o f  t h e  thermodynamic b e h a v i o r  of 

c l a t h r a t e s  r e l a t i v e  t o  t h e  empty l a t t i c e .  



5 

The c e l l  p a r t i t i o n  f u n c t i o n s  h a v e  been e v a l u a t e d  by 

van de r  Walls and  P l a t t e e u w  u n d e r  t h e  f o l l o w i n g  a s s u m p t i o n s .  
18 

1. The s o l u t e  m o l e c u l e s  can  r o t a t e  f r e e l y  i n  t h e i r  

c a v i t i e s .  

2 .  The p o t e n t i a l  e n e r g y  of  a s o l u t e  m o l e c u l e  a t  a 

d i s t a n c e  r f rom t h e  c e n t e r  of i t s  c a g e  i s  g i v e n  by t h e  s p h e r i -  

c a l l y  s y m m e t r i c a l  p o t e n t i a l  m ( r )  p r o p o s e d  by  L e n n a r d - J o n e s  

and  D e v o n s h i r e  . 10 

where  t h e  p o t e n t i a l  e n e r g y  of  t h e  s o l u t e  m o l e c u l e  at t h e  c e n t e r  

o f  t h e  c a g e  i s  g i v e n  by 

a n d  g i s  a d i m e n s i o n l e s s  i n t e g r a l  g i v e n  by:  

The f u n c t i o n s  Lex) a n d  M ( X )  a r e  

r\m = ( I + x ) / (  1 - 1 1 ~  1 

The c o n s t a n t  di i s  d e f i n e d  a s :  

dL = ( aL/a- i3/a (13) 
L 

where Q; i s  t h e  c e l l  r a d i u s .  c a n d  a re  t h e  d i s t a n c e  
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and e n e r g y  p a r a m e t e r s  f o r  s o l u t e - w a t e r  i n t e r a c t i o n .  The 

v a r i a b l e  of i n t e g r a t i o n  i s  d e f i n e d  as  

3r = (Y/a;)’ (14 )  
where  r i s  t h e  d i s t a n c e  f rom the  c e n t e r  o f  t h e  c a g e .  S i n c e  

t h e  c o n t r i b u t i o n  t o  t h e  p a r t i t i o n  f u n c t i o n  f rom p o r t i o n s  of 

t h e  c e l l  o u t s i d e  t h e  s p h e r e  of a/2 i s  n e g l i g i b l e ,  t h e  i n t e -  

g r a t i o n  i s  c a r r i e d  o u t  between t h e  l i m i t s  0 and  1/4. The 

v a l u e  o f  Zt i s  a c o n s t a n t  d e r i v e d  from s t r u c t u r a l  c o n s i d e r -  

a t i o n s .  

On s u b s t i t u t i n g  E q u a t i o n  (8)  i n t o  E q u a t i o n  ( 3 ) ,  t h e  

Langmuir  c o n s t a n t  C K ~  becomes: 

C K L  = (2ncX3/f$T) gKi WQ [-WW/#iT] (15) 

I n  o r d e r  t o  e v a l u a t e  E q u a t i o n  (15) f o r  a chosen  s e t  o f  

m o l e c u l a r  parameters and  a t e m p e r a t u r e ,  a n u m e r i c a l  i n t e g r a t i o n  

o f  g was r e q u i r e d .  The i n t e g r a t i o n  was c a r r i e d  o u t  u s i n g  

Simpson Is One-Third R u l e .  

The c o n s t a n t s  u sed  i n  t h e  e v a l u a t i o n  o f  c K i  f o r  h y d r a t e s  
18 

of S t r u c t u r e  I a r e  a s  follows . 
z1 = 20 

-16 
a = 3.95 E k = 1.38~10 e rg /deg  
1 

a = 4.30 8 2 Z2 = 24 

T h u s ,  i f  and  a r e  known, t h e  Langmuir c o n s t a n t  CKL 

may be  e v a l u a t e d  f o r  a g i v e n  s y s t e m .  



7 

- 
D e t e r m i n a t i o n  o f  and  V f o r  Methane 

For t h e  s o l i d  s o l u t i o n  t h e o r y  t o  be 

o f  m o l e c u l a r  p a r a m e t e r s  s h o u l d  e x i s t  f o r  

h y d r a t e .  

exac t ,  a u n i q u e  s e t  

a l l  d a t a  on each gas 

The s e t  o f  m o l e c u l a r  p a r a m e t e r s  u s e d  t h r o u g h o u t  t h e  t h e o -  

r e t i c a l  c a l c u l a t i o n s  for methane was d e r i v e d  i n  t h e  f o l l o w i n g  

manner :  

Below t h e  q u a d r u p l e  p o i n t  t h e  p h y s i c a l  system i s  composed 

o f  i c e ,  h y d r a t e ,  and  gas i n  u n i v a r i a n t  e q u i l i b r i u m .  T h i s  

s y s t e m  a d m i t s  t o  a t h e o r e t i c a l  t r e a t m e n t  more r e a d i l y  t h a n  

t h e  system above  t h e  q u a d r u p l e  p o i n t  which  c o n s i s t s  o f  h y d r a t e ,  

gas and  a q u e o u s  s o l u t i o n .  Below t h e  q u a d r u p l e  p o i n t ,  a 

s i m p l i f i c a t i o n  r e s u l t s  b e c a u s e  t h e  c h e m i c a l  p o t e n t i a l  d i f f e r -  

e n c e  be tween t h e  s t a b l e  and  metas tab le  f o r m s  o f  t h e  l a t t i c e  

former i s  a f u n c t i o n  o f  t h e  s y s t e m  p r e s s u r e  and  t e m p e r a t u r e  

a l o n e ,  

From t h e s e  c o n s i d e r a t i o n s ,  i t  was d e c i d e d  t h a t  t h e  f o r c e  

c o n s t a n t s  f o r  methane  s h o u l d  be f i t t e d  be low t h e  q u a d r u p l e  

p o i n t  where t he  s o l i d  s o l u t i o n  t h e o r y  c o u l d  be  a p p l i e d  e x a c t l y .  

Then t h e s e  p a r a m e t e r s  were used  t o  c o r r e l a t e  t h e  e x p e r i m e n t a l  

d a t a  above  t h e  q u a d r u p l e  p o i n t .  

E x p e r i m e n t a l  d a t a  of  Deaton and F r o s t 5  on t h e  t h r e e  

p h a s e  l o c u s ,  ice-water  r i c h  l i q u i d - g a s ,  were u s e d  to d e t e r -  

mine  t h e  b e s t  s e t  o f  m o l e c u l a r  p a r a m e t e r s  ~ U L :  riiethai-i? a l o n g  

t h e  h y d r a t e  l o c u s .  Us ing  t h e  v a r i o u s  s e t s  o f  t h e  m o l e c u l a r  
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p a r a m e t e r s ,  f u g a c i t i e s  i n  e q u i l i b r i u m  w i t h  t h e  hydra te  were 

c a l c u l a t e d  f rom E q u a t i o n s  (7)  and (15) and t h e n  compared w i t h  

t h e  e x p e r i m e n t a l  v a l u e s .  I n  o r d e r  t o  s o l v e  E q u a t i o n  ( 7 ) ,  a 

n u m e r i c a l  c a l c u l a t i o n  was c a r r i e d  o u t  u s i n g  N e w t o n ' s  method.  

Thus ,  t h e  s e t  o f  m o l e c u l a r  p a r a m e t e r s  which  e x h i b i t e d  t h e  

l e a s t  d e v i a t i o n  f r o m  t h e  d a t a  of Deaton  and  Frost 5 was chosen  

i n  F i g u r e  1 t h e  v a l u e s  chosen  were z/&- = 158.5 (OK) and 

f o r  u s e  i n  a l l  s u b s e q u e n t  c a l c u l a t i o n s  for m e t h a n e .  A s  shown 

c = 

3.08 ( 8 ) .  F i g u r e  1 shows t h a t  E q u a t i o n  (7 )  i s  s o  s e n s i t i v e  

t o  and  ?? t h a t  , from p u b l i s h e d  d a t a  can  n o t  be s u b s t i -  

t u t e d  i n  E q u a t i o n  (7) d i r e c t l y .  

- 

The c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  be tween i c e  and h y d r a t e  

a l o n g  t h e  e q u i l i b r i u m  c u r v e  was c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  

e q u a t i o n :  

T h i s  e q u a t i o n  h o l d s  f o r  a n y  v a l u e  o f  d P  and  dT. On t h e  e q u i l i -  

b r i u m  c u r v e ,  

o\P = (dP/dT)dT (17) 
I n t e g r a t i o n  o f  E q u a t i o n  (16)  between T and  273' K a l o n g  t h e  

e q u i l i b r i u m  c u r v e  g i v e s :  
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where  aV i s  t h e  d i f f e r e n c e  be tween m o l a r  volume o f  t h e  
16 

a n d  a m o d i f i c a t i o n s ,  V@ - VO'. S t a c k e l b e r g  and  M u l l e r  h a v e  

d e t e r m i n e d  a v a l u e  o f  3.0 f o r  A V .  E q u a t i o n  (19)  was o b t a i n e d  

f r o m  t h e  da t a  o f  Dea ton  a n d  F r o s t  5 . E q u a t i o n  (20)  h a s  been  
18 

d e r i v e d  by  van d e r  Waals and  P l a t t e e u w  . A H  i s  t h e  d i f f e r e n c e  

be tween m o l a r  h e a t  f u n c t i o n s  o f  t h e  G( and m o d i f i c a t i o n s .  T h i s  

v a l u e  i s  n o t  known b u t  van d e r  Waals and  P l a t t e e u w  s u g g e s t e d  
P 

d H  Z O .  

The T h e o r e t i c a l  F i t  to t h e  Gas Hydrate Above t h e  Q u a d r u p l e  P o i n t  

I n  o r d e r  to f i t  t h e  e x p e r i m e n t a l  da ta  to t h e  s o l i d  

s o l u t i o n  t h e o r y  f o r  g a s  h y d r a t e s  a b o v e  t h e  q u a d r u p l e  p o i n t ,  

t h e  f o l l o w i n g  p r o c e d u r e  was a d o p t e d .  

I n i t i a l l y ,  a s e r i e s  o f  Langmuir c o n s t a n t s  were c a l c u l a t e 2  

for t h e  m e t h a n e - w a t e r  r i c h  l i q u i d - h y d r a t e  system and  shown i n  

F i g u r e  2 .  

Next, t h e  a s s u m p t i o n  was made t h a t  t h e  c h e m i c a l  p o t e n t i a l  

o f  t h e  water i n  c o n t a c t  w i t h  t h e  e q u i l i b r i u m  h y d r a t e  c o u l d  be 

e s t i m a t e d  from a n  i d e a l  s o l u t i o n  r e l a t i o n s h i p .  Wi th  t h e  

a s s u m p t i o n ,  t h e  c h e m i c a l  p o t e n t i a l  o f  t h e  l a t t i c e  f o r m e r  can  

b e  w r i t t e n  a s  
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')*is a f u n c t i o n  o f  p r e s s u r e  and  t e m p e r a t u r e  o n l y  
where Yw 
a n d  xw i s  t h e  mole f r a c t i o n  of  water i n  t h e  w a t e r - r i c h  l i q u i d  

p h a s e .  

Then t h e  c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  can be  e x p r e s s e d  

by : 

T h a t  i s ,  t h e  c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  A P .  i s  a f u n c t i o n  

o f  p r e s s u r e  and  t e m p e r a t u r e  a l o n e .  

Combining E q u a t i o n s  ( 7 )  a n d  (22)  g i v e s :  

The p r e s s u r e  a n d  t e m p e r a t u r e  e f f e c t s  on t h i s  c h e m i c a l  

p o t e n t i a l  t h e n  becomes:  

d(d/iAYRT) = - (AH//RT')dT + (dV'/RT)dP (24) 

where AH' d e n o t e s  t h e  d i f f e r e n c e  be tween m o l a r  h e a t  f u n c t i o n s  

a n d  O V '  t h e  d i f f e r e n c e  between t h e  m o l a r  vo lumes  o f  t h e  

a n d  t m o d i f i c a t i o n s .  The v a l u e  o f  A v '  i s  4.616. It i s  

d o u b t f u l  t h a t  4 V ' w i l l  r e t a i n  t h i s  c o n s t a n c y  a t  h i g h e r  p r e s s u r e ,  

b u t  i t  was assumed t h a t  t h e  change  o f  d v ' i s  n e g l i g i b l e ,  b e -  

c a u s e  of a l a c k  o f  d a t a  on t h e  e f f e c t  o f  p r e s s u r e .  

P 
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I n t e g r a t i n g  E q u a t i o n  (24) a l o n g  t h e  e q u i l i b r i u m  c u r v e  

g i v e s  : 

A?'/RT = - I(&(/k?Tz)dT + ((~"y~T)(dp/dT)c(T (25) 

A n t i c i p a t i n g  t h a t  AH'takes t h e  same f o r m  a s  t h e  h e a t  f u n c t i o n  

d i f f e r e n c e  between water and  i c e ,  one can  w r i t e  

S u b s t i t u t i n g  (26) i n t o  (25) and e q u a t i n g  i t  w i t h  (23) 

4 The s o l u b i l i t y  d a t a  of C u l b e r s o n  and  McKetta f o r  methane  

i n  water  was u s e d  t o  o b t a i n  t h e  c o m p o s i t i o n  o f  water  i n  t h e  

l i q u i d  p h a s e .  The methane  P-T p r o j e c t i o n  o f  t h e  d a t a  o f  Deaton  

and  F r o s t  i s  l i n e a r  be tween 32 and 70 F when p l o t t e d  i n  semi- 

l o g  s ca l e  and  i n  t h i s  r e g i o n  c a n  be  e x p r e s s e d  a s :  

0 

If t h i s  e x p r e s s i o n  i s  s u b s t i t u t e d  i n  E q u a t i o n  (27) t h e n  

and  \r c a n  be  d e t e r m i n e d .  The v a l u e s  o f  )I and d e t e r m i n e d  

n u m e r i c a l l y  were 16.7 and  0.016 r e s p e c t i v e l y .  It i s  n o t e d  

t h a t  t h e  v a l u e s  were v e r y  c lose  t o  t h o s e  f o r  t h e  h e a t  f u n c t i o n  

d i f f e r e n c e  be tween i c e  and  w a t e r  of  17.1 and  0.0162, which  

were c a l c u l a t e d  f r o m  t h e  d a t a  of Bridgnian . From t h i s  r e s u l t  
1 

i t  was c o n c l u d e d  t h a t  t h e  d i f f e r e n c e  i n  e n t h a l p y  between t h e  

(3 - l a t t i c e  and  i c e  mus t  b e  small .  
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At c o n s t a n t  t e m p e r a t u r e  t h e  p r e s s u r e  e f f e c t  on t h e  c h e m i c a l  

p o t e n t i a l  d i f f e r e n c e  

(a[Ap')/dp) = A v '  ( 2 9 )  T 

I n t e g r a t i n g  E q u a t i o n  (29 )  a t  c o n s t a n t  t e m p e r a t u r e  g ives :  

(30) 

If A and P o f  methane  a r e  u s e d  f o r  t h e  r e f e r e n c e  v a l u e s  

t h e n  t h e  c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  f o r  a r g o n  
P' 

"/".I and P 

and  n i t r o g e n  can  b e  c a l c u l a t e d .  
0' 

Ap/ = 4pw / t 7.573 x Io-YP- E,, (31) 
Here t h e  u n i t  o f  c h e m i c a l  p o t e n t i a l  a n d  p r e s s u r e  a re  ca l /mol  

and  p s i a  r e s p e c t i v e l y .  

E q u a t i o n s  ( 2 3 )  and  (30) s h o u l d  be  e q u i v a l e n t .  

Each  s e t  of m o l e c u l a r  p a r a m e t e r s  f o r  a r g o n  and  n i t r o g e n  

was a d j u s t e d  a t  280' K s o  t h a t  t h e  c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  

c a l c u l a t e d  by E q u a t i o n  ( 2 3 )  m i g h t  agree e x a c t l y  w i t h  t h a t  

c a l c u l a t e d  f rom E q u a t i o n  (31 ) .  The r e s u l t i n g  v & a n d  were 

142 (OK), 2 . 9 9  (8)  for a r g o n - w a t e r  and  1 2 3  (OK), 3 . 0 2 7  (8 )  
for n T t r o g e n - w a t e r .  U s i n g  t h e s e  v a l u e s ,  c ~ i  of a r g o n  and  

n i t r o g e n  were c a l c u l a t e d  and  a r e  shown i n  F i g u r e s  3 and  4. 

- 

A s  a t e s t  of t h e  t h e o r y ,  E q u a t i o n  (31) was u s e d  t o  c a l -  

c u l a t e  t h e  r e m a i n i n g  v a l u e s  o f  t h e  c h e m i c a l  p o t e n t i a l  d i f f e r -  

e n c e s  o v e r  t h e  p r e s s u r e  r a n g e  1,400 t o  50,000 p s i a  f o r  a r g o n  

arid 5,uuu L U  5Zr,OOZ, p s i a  f o r  n i t r o g e n .  'The v a l u e s  d e r i v e d  i n  

t h i s  way were compared w i t h  t h e  r i g h t  hand s i d e  of E q u a t i o n  ( 2 3 ) .  

nnn I 



These  a r e  shown i n  T a b l e  1, 2 ,  a n d  3 a n d  i n  F i g u r e  5. The 

r e s u l t s  of t hese  c a l c u l a t i o n s  showed t h a t  t h e  s o l i d  s o l u t i o n  

t h e o r y  may be a p p l i e d  t o  p r e d i c t  t h e  h y d r a t e - w a t e r  r i c h  l i q u i d -  

g a s  e q u i l i b r i u m  l o c i  when gas i s  a s p h e r i c a l  m o l e c u l e .  Here 

t h e  s o l u b i l i t i e s  o f  a r g o n  a n d  n i t r o g e n  i n  water were e x t r a p o -  

l a t e d  or i n t e r p o l a t e d  f rom t h e  d a t a  o f  S e i d e l  a n d  L i n k  , 
and  K r i c h e v s k y  and  Kasa rnovsky  . 

14 

9 

At h i g h e r  p r e s s u r e s  n i t r o g e n  showed some d e v i a t i o n  b e -  

t w e e n  E q u a t i o n s  (23) and  (31) .  T h i s  somewhat p o o r e r  agreement 

be tween  t h e  two me thods  can  be e x p l a i n e d  a s  f o l l o w s ;  

i n g  t h e  L-J-D p o t e n t i a l  t o  t h i s  t h e o r y ,  t h e  a s s u m p t i o n  i s  made  

t h a t  t h e  gas m o l e c u l e s  encaged  i n  t h e  hydra te  a r e  s p h e r i c a l .  

T h i s  a s s u m p t i o n  a p p l i e s  e q u a l l y  w e l l  to a r g o n  a n d  m e t h a n e ,  

b o t h  e s s e n t i a l l y  s p h e r i c a l  m o l e c u l e s .  However, n i t r o g e n ,  

b e i n g  n o n - s p h e r i c a l  i n  s h a p e ,  d o e s  n o t  s t r i c t l y  confo rm t o  

t h i s  t h e o r e t i c a l  t r e a t m e n t .  

on a p p l y -  

Very near  t h e  q u a d r u p l e  p o i n t ,  b o t h  a r g o n  and  n i t r o g e n  

showed s l i g h t  d e v i a t i o n  be tween E q u a t i o n s  ( 2 3 )  and  (31)  b u t  

t h e  r e a s o n  i s  n o t  a p p a r e n t  t o  t h e  a u t h o r s .  

The e l i m i n a t i o n  o f  A I '  f r o m  E q u a t i o n s  ( 2 3 )  and  (31) f o r  a 

g i v e n  t e m p e r a t u r e  l e a d s  t o  t h e  e v a l u a t i o n  o f  a s i n g l e  p r e s s u r e  

f o r  h y d r a t e  f o r m a t i o n  p r o v i d e d  f u g a c i t y  data  on t h e  g a s  a re  

a v a i l a b l e ,  A compar i son  between t h i s  c a l c u l a t e d  and  e x p e r i -  

m e n t a l  h y d r a t e  f o r m a t i o n  p r e s s u r e  Tor,  r l i t i 7 0 g E i ?  i s  s h m ~ n  i n  

Figure  9 .  It i s  e v i d e n t  t h a t  a g i v e n  d e v i a t i o n  i n  the Ap' / 
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l e a d s  t o  a c o r r e s p o n d i n g l y  g rea t e r  d e v i a t i o n  i n  t h e  c a l c u l a t e d  

and  e x p e r i m e n t a l  p r e s s u r e .  However, s i n c e  t h e  dp' f o r  t h e  

a r g o n  hydra te  o b t a i n e d  by E q u a t i o n s  (23)  and  (31) a re  i d e n t i c a l ,  

t h e  c a l c u l a t e d  and  e x p e r i m e n t a l  p r e s s u r e  w i l l  be t h e  same. 

The h y d r a t e  numbers  n were c a l c u l a t e d  by t h e  f o l l o w i n g  

e q u a t i o n  and  a r e  shown i n  T a b l e  1, 2 ,  and  3 and  i n  F i g u r e  6 .  

A t  h i g h e r  p r e s s u r e  it was shown t h a t  t h e  hydra te  numbers  

a p p r o a c h  t h e  maximum hydra t e  number o f  5 3/4. 

The p o t e n t i a l  f i e l d s  w i t h i n  a r g o n  hydrate  c a g e s  were 
10 

d e t e r m i n e d  by t h e  Lennard-Johns-Devonshire method and a re  

shown i n  F i g u r e  7.  I n  t h e  l a r g e  c a v i t i e s ,  t h e  minimum p o i n t  

o f  p o t e n t i a l  e n e r g y  i s  n o t  s i t u a t e d  i n  t h e  c e n t e r .  

E s t i m a t i o n  o f  cK and ri f o r  Methane ,  Argon,  and  N i t r o g e n  

I n  t h e  p r e v i o u s  s e c t i o n s ,  t h e  s e t s  o f  m o l e c u l a r  parameters 
- 
E and f o r  m e t h a n e ,  a r g o n ,  a n d  n i t r o g e n  were d e t e r m i n e d .  

The f o l l o w i n g  e m p i r i c a l  combining  laws which  r e l a t e  t h e  f o r c e  

c o n s t a n t s  be tween u n l i k e  m o l e c u l e s  were u s e d  t o  c a l c u l a t e  t h e  

f o r c e  c o n s t a n t s  f o r  t h e  p u r e  s o l u t e  K .  
- 
a- = '/2(qv+ qf) (33) 

Here i f  t h e  v a l u e  of (J- = 1.25 a which  c o r r e s p o n d s  t o  P a u l i n g ' s  



van d e r  Waals r a d i u s  o f  1 .40  8 f o r  a c o v a l e n t l y  bound oxygen 
12 a tom , i s  a d o p t e d  as  t h e  d i s t a n c e  p a r a m e t e r  o f  t h e  w a l l  o f  

t h e  hydra te  c a g e ,  CR f o r  t h e  p u r e  s o l u t e  K c a n  be e s t ima ted .  

From t h e  v a l u e  o f  E w  t h e  e n e r g y  p a r a m e t e r  € K  f o r  p u r e  s o l u t e  K 

a l s o  can  be e s t ima ted .  B u t  E ,  i s  unknown and  c a n n o t  be cal- 

c u l a t e d  t h e o r e t i c a l l y .  So t h e  v a l u e  o f  e,,,,/+ = 169' K was 

e s t ima ted  f rom E q u a t i o n  (34)  by u s i n g  a v a l u e  o f  

f o r  a r g o n  o b t a i n e d  f rom second v i r i a l  c o e f f i c i e n t  d a t a .  U s i n g  

t h i s  v a l u e ,  t h e  e n e r g y  p a r a m e t e r s  E K  f o r  me thane  and  n i t r o g e n  

= 119.8' K 

can  be es t imated .  

The f o r c e  c o n s t a n t s  o b t a i n e d  a r e  compared i n  T a b l e  4 w i t h  

t h e  v a l u e s  o f  m o l e c u l a r  p a r a m e t e r s  d e r i v e d  f rom v i s c o s i t y  and  
8 

v i r i a l  d a t a  for t h o s e  gases.  

D e t e r m i n a t i o n  o f  Heats of  Forma t ion  o f  Methane ,  Argon,  and  

N i t r o g e n  Hydrates 

The h e a t s  o f  f o r m a t i o n  o f  hydrates  are  c a l c u l a t e d  by t h e  

C l a u s i u s - C l a p e y r o n  e q u a t i o n :  

( 35) dP/dT = dH'YT-AV' 
w h i c h  i s  a thermodynamic  i d e n t i t y  v a l i d  f o r .  a l l  u n i v a r i a n t  

e q u i l i b r i a ,  n o  ma t t e r  how t h e  c o m p o s i t i o n s  o f  t h e  p h a s e s  change  

a l o n g  t h e  e q u i l i b r i u m  l i n e .  The d o u b l e  p r imed  q u a n t i t i e s  dH' 

a n d  dv '8should be t h e  d i f f e r e n c e s  o f  p a r t i a l  m o l a l  q u a n t i t i e s ,  

b u t  i n  t h i s  c a s e  i t  was assumed t h a t  AHnand dV"approximate  t h e  

c h a n g e s  i n  hea t  f u n c t i o n  and  t o t a l  volume when one mole  o f  
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h y d r a t e  i s  formed from n moles  of p u r e  water and  one mole  of  

p u r e  g a s e o u s  K .  

The d a t a  p o i n t s  p l o t t e d  a s  l o g  P v e r s u s  a b s o l u t e  t empera -  
11 

t u r e  were f i t t e d  a p p r o x i m a t e l y  a l o n g  s e v e r a l  s t r a i g h t  l i n e s  

The l i n e s  may b e  r e p r e s e n t e d  by a n  e q u a t i o n  o f  t h e  form: 

L,f' = A + 6T  ( 3 6 )  

E q u a t i o n  (36) l e n d s  i t s e l f  r e a d i l y  t o  t h e  d i f f e r e n t i a t i o n  

r e q u i r e d  t o  s o l v e  . f o r  t h e  h e a t  of f o r m a t i o n  o f  t h e  h y d r a t e .  

The m a t h e m a t i c a l  a n a l y s i s  f o l l o w e d  i n  c a l c u l a t i n g  the  

h e a t s  o f  f o r m a t i o n  a b o v e  t h e  q u a d r u p l e  p o i n t  f rom t h e  da t a  
11 

shown i n  a p r e v i o u s  r e p o r t  i s  

aHq = TAV"dP/dT 

The s l o p e s  o f  e q u i l i b r i u m  l i n e  B were o b t  

(37) 

(39) 
i n e d  f rom t h e  

1 1  

p r e v i o u s  r e p o r t L L  and  t h e  volume o f  t h e  gas u n d e r  i n v e s t i g a t i o n  

a t  T and  P o f  i n t e r e s t  h e r e  was o b t a i n e d  f rom the rmodynamica l  
6, 7, 17 t a b l e s  o f  Din 

A t  h i g h e r  p r e s s u r e ,  t h e  d i f f e r e n c e  be tween t h e  volume o f  

h y d r a t e s  r e s u l t i n g  f rom t h e  h y d r a t e - f o r m i n g  r e a c t i o n  and t h a t  

of t h e  water combined w i t h  a mole u f  t h e  gas i s  n o t  n e g l i g i b l 3  

compared w i t h  t h e  volume of  one mole o f  t h e  g a s e s .  T h i s  d i f f 2 . r -  

e n c e  was obta i -ned  b y  q . ~ v ;  assuming  t h a t  a t  h i g h e r  pr*esisiiiq?s 

t h e  volumcs of h y d r a t e s  and water a r c  c o n s t a n t .  



The h e a t  o f  f o r m a t i o n  o f  t h e  h y d r a t e s  may b e  c a l c u l a t e d  
0 

f rom E q u a t i o r ,  (39) by  u s i n g  t h e  v a l u e s  o f  B and  A V  . The 

v a l u e s  c a l c u l a t e d  a r e  g i v e n  i n  T a b l e  5. 

The h e a t  o f  f o r m a t i o n  of  t h e  h y d r a t e s  a l s o  may be  c a l -  

c u l a t e d  n u m e r i c a l l y  b y  t h e  f o l l o w i n g  e q u a t i o n s  a s s u m i n g  t h a t  

r e a c t i o n  gases a re  p e r f e c t .  

where  N i s  A v o g a d r o ’ s  number and  t h e  f u n c t i o n s  tf and 9,are 

d e f i n e d  by  

The v a l u e s  c a l c u l a t e d  by  E q u a t i o n  (40)  a r e  compared w i t h  t h o s e  

o b t a i n e d  from E q u a t i o n  (39) i n  T a b l e  5 .  The a g r e e m e n t  b e t w e e n  

two c a l c u l a t i o n s  a r e  comparab le  b u t  n o t  e x a c t  owing t o  t h e  

a s s u m p t i o n s  i n v o l v e d  i n  E q u a t i o n  (40) 

P r e d i c t i o n  o f  P-T P r o . i e c t i o n  o f  N i t r o g e n  H y d r a t e  Below The 

Q u a d r u p l e  P o i n t  

A t  t h e  q u a d r u p l e  p o i n t ,  t h e  d i f f e r e n c e s  i n  t h e  h e a t s  o f  

format ls: :  zf t h e  hy r l ya te  f r o m  l i q u i d  water  and  from i c e  w i l l  

b e  e q u a l  to t h e  h e a t  of  f u s i o n  o f  t h e  number of  m o l e s  o f  wate? 
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combined i n  a mole o f  hydra t e ,  a s  shown by t h e  f o l l o w i n g :  

n H 2 0  ( L i q . )  + Gas = n H20 .Gas  ( H y d r a t e )  

n H 2 0  ( I c e )  t Gas = n H 2 0  Gas ( H y d r a t e )  
d H 1  

OH2 
~~ 

n H2O ( L i q . )  = n H20 ( I c e )  AH* 

The h e a t s  o f  f o r m a t i o n  o f  h y d r a t e  can  be  c a l c u l a t e d  by  

E q u a t i o n  (39) and t h e  h y d r a t e  number a l s o  i s  known. T h e r e f o r e ,  

t h e  s l o p e  of e q u i l i b r i u m  l i n e  be low t h e  q u a d r u p l e  p o i n t  B2 can  

b e  c a l c u l a t e d  by  t h e  f o l l o w i n g  e q u a t i o n :  

8, = I/av,./ ( B, AV:'- II tiK/2.303 P - T  ) (44) 
* 

where AH i s  t h e  hea t  o f  f u s i o n  o f  water .  B1 i s  t h e  s l o p e  o f  

e q u i l i b r i u m  l i n e  above  t h e  q u a d r u p l e  p o i n t .  bvl4 and A $  are  

t h e  c h a n g e s  i n  volume o f  t h e  sum of  t h e  r e a c t i n g  s u b s t a n c e s  

a b o v e  and  be low t h e  q u a d r u p l e  p o i n t ,  r e s p e c t i v e l y .  B o f  

n i t r o g e n  h y d r a t e  was c a l c u l a t e d  a n d  i s  compared w i t h  t h e  
2 

e x p e r i m e n t a l  p o i n t s  o f  Cleef and  Diepen?  i n  F i g u r e  8. Though 

t h e  c a l c u l a t e d  l i n e  showed t h e  d i s c o n % i n u i t y  a t  t h e  q u a d r u p l e  

p o i n t ,  t h e  e x p e r i m e n t a l  p o i n t s  be low t h e  q u a d r u p l e  p o i n t  f a l l  

on a n  e x t e n s i o n  of t h e  e q u i l i b r i u m  l i n e  above  t h e  q u a d r u p l e  

p o i n t .  

It i s  f e l t  t h a t  t h e  e x p e r i m e n t a l  p o i n t s  r e p o r t e d  i n  re- 

f e r e n c e  3 r e p r e s e n t  metas tab le  e q u i l i b r i u m  g a s - h y d r a t e - w a t e r  

ra ther  than t h e  t r u e  e q u i l i b r i u n  s t a t ?  of  g a s - h y d r a t e - i c e  . 



. .  

Conc l u s  i o n  s 

The s t a t i s t i c a l  m e c h a n i c s  s o l i d  s o l u t i o n  t h e o r y  of 

van d e r  Waals and  P l a t t e e u w  combined w i t h  c l a s s i c a l  thermo-  

d y n a m i c a l  p r i n c i p l e s  have  been a p p l i e d  t o  s t u d y  t h e  c o n d i t i o n s  

f o r  e q u i l i b r i u m  f o r  h y d r a t e  f o r m a t i o n  i n  t h e  methane  water,  

a r g o n - w a t e r  , and n i t r o g e n - w a t e r  systems above  t h e  q u a d r u p l e  

p o i n t  i n  e x c e s s  o f  3000 a t m o s p h e r e s .  The h e a t  f u n c t i o n  

d i f f e r e n c e  between water and  - m o d i f i c a t i o n  h a s  been d e t e r -  

mined b y  u s i n g  t h e  Data o f  Deaton and F r o s t ’  and i t  was found 
P 

t h a t  t h i s  f u n c t i o n  i s  v e r y  c l o s e  t o  t h a t  between i c e  and water .  

Then i t  was found t h a t  t h e  c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  

be tween t h e  empty h y d r a t e  l a t t i c e  and t h e  p u r e  l i q u i d  water,  

A f ’ = f &  -vw) f o r  a r g o n  and n i t r o g e n  h y d r a t e s  c a l c u l a t e d  b;r 

two methods ;  t h e  c h e m i c a l  p o t e n t i a l  d i f f e r e n c e  f o r  methane  and  

t h e  i s o t h e r m a l  e f f e c t  o f  p r e s s u r e  on t h e  c h e m i c a l  p o t e n t i a l  

d i f f e r e n c e ,  E q u a t i o n  (31) a n d  t h e  s o l i d  s o l u t i o n  t h e o r y ,  were 

i n  c l o s e  a g r e e m e n t .  W h i l e  t h e  a g r e e m e n t  between t h e  c h e m i c a l  

B L *  

p o t e n t i a l  d i f f e r e n c e  c a l c u l a t e d  b y  t h e  two methods  were t h r o u g h -  

o u t  t h e  e n t i r e  p r e s s u r e  r a n g e  s t u d i e d  i n  t h e  case o f  a r g o n  

h y d r a t e ,  t h e  n i t r o g e n  h y d r a t e s  showed some d e v i a t i o n  a t  t h e  

h i g h e s t  p r e s s u r e  s t u d i e d ,  The d i s c r e p a n c e  i s  b e l i e v e d  t o  be 

c a u s e d  b y  t h e  s l i g h t l y  n o n - s p h e r i c a l  n a t u r e  of t h e  n i t r o g e n  

m o l e c u l e .  



A t  h i g h e r  p r e s s u r e ,  it was shown t h a t  t h e  h y d r a t e  numbers  

a p p r o a c h e d  t h e  maximum h y d r a t e  number f o r  S t r u c t u r e  I h y d r a t e s  

of 5 3/4. 

U s i n g  t h e  s i m p l e  m i x i n g  r u l e s  g i v e n  b y  E q u a t i o n s  (33) a n d  
12 

(34)  and  cw o f  1.25 a and ew/+ = 169' K t h e  L e n n a r d - J o n e s -  

D e v o n s h i r e  f o r c e  c o n s t a n t s  f o r  m e t h a n e ,  a r g o n ,  and  n i t r o g e n  have  

been  d e t e r m i n e d  and  found  t o  be i n  e s s e n t i a l  a g r e e m e n t  w i t h  t h e  

f o r c e  c b n s t a n t s  p r e d i c t e d  f r o m  s e c o n d  v i r i a l  and  v i s c o s i t y  d a t a ,  

a g a i n  p o i n t i n g  t o  t h e  e s s e n t i a l  v a l i d i t y  o f  t h e  t h e o r y .  

The h e a t  o f  f o r m a t i o n  for t h e  h y d r a t e s  c a l c u l a t e d  from 

t h e  C l a u s i u s - C l a p e y r o n  E q u a t i o n  was found  t o  be i n  e s s e n t i a l  

a g r e e m e n t  w i t h  t h e  v a l u e s ?  p r e d i c t e d  b y J  t h e  s o l i d  s o l u t i o n  

m o d e l .  

The c a l c u l a t e d  h e a t  o f  f o r m a t i o n  f o r  t h e  n i t r o g e n  h y d r a t e  

a n d  i t s  h y d r a t e  number on t h e  i c e  p o i n t  f o r  t h e  n i t r o g e n - w a t e r  

system h a s  been  u s e d  a s  a b a s i s  for p r e d i c t i n g  t h e  g a s - i c e -  

h y d r a t e  l o c u s  be low t h e  q u a d r u p l e  p o i n t  a n d  a s  a b a s i s  f o r  t h e  

c r i t i c i s m  o f  r e p o r t e d  e x p e r i m e n t a l  d a t a  p o i n t s  f o r  t h e  same . 2 

The s o l i d  s o l u t i o n  t h e o r y  t o g e t h e r  w i t h  c l a s s i c a l  t he rmo-  

dynamics  p r i n c i p l e s  h a s  p r o v i d e d  a means o f  s t u d y i n g  t h e  re- 

q u i r e d  c o n d i t i o n s  f o r  h y d r a t e  f o r m a t i o n  above  t h e  q u a d r u p l e  

p o i n t  f o r  e s s e n t i a l l y  s p h e r i c a l  m o l e c u l e s .  It w i l l  l a t e r  be 

shown t h a t  t h e  c a l c u l a t i o n  p r o c e d u r e s  can  be e x t e n d e d  to systems 

c o m p r i s e d  of m i x t u r e s  of e s s e n t i a l l y  s p h e r i c a l  m o l e c u l e s  a ~ d  

water i n  t h e  h y d r a t e  r e g i o n  above  t h e  q u a d r u p l e  p o i n t .  
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Lan gmu i r  c on s t a n  t 
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m o l a r  e n t h a l p y  d i f f e r e n c e  

Bo l t zmann  con s t a n  t 

hydra t e  number 

p r e s s u r e  1 

r a d i a l  p o s i t i o n  

gas c o n s t a n t  

t e m p e r a t u r e  

m o l a r  volume d i f f e r e n c e  

l a t t i c e  fo rmer  ( w a t e r )  

mole f r a c t i o n  o f  water i n  t h e  w a t e r - r i c h  
l i q u i d  phase  

f r a c t i o n  o f  c a v i t i e s  o f  type i o c c u p i e d  by a 
gas m o l e c u l e  K 

s t r u c t u r a l  c o n s t a n t  



Greek L e t t e r  

c o n s t a n t s  i n  E q u a t i o n  (26)  

e n e r g y  and  d i s t a n c e  p a r a m e t e r s  i n  t h e  Lennard -  
J o n e s - D e v o n s h i r e  p o t e n t i a l  

number of  c a v i t i e s  o f  t h e  t y p e  i p e r  mole  of 
w a t e r  

c h e m i c a l  p o t e n t i a l  

m o l e c u l a r  p a r t i t i o n  f u n c t i o n  of a s o l u t e  
m o l e c u l e  K w i t h  t h e  volume f a c t o r  removed 

Lennard-Jones-Devonshire p o t e n t i a l  
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T a b l e  1 

(Psi) 
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15000 

Chemica l  P o t e n t i a l  a n d  H y d r a t e  Number o f  
Methane H y d r a t e  a t  V a r i o u s  P r e s s u r e s  

P T 

( a t 4  

26.0 

68.0 

136.1 
204.1 

272.1 

340.1 
408.2 
476.2 

544.2 
612.2 

690.3 
816.3 

1020.4 

(OK) 

273.1 
282.9 
289.0 

292 3 
294.4 

296.2 

297.5 
299 .o 
300.3 
301.4 

302.3 

303.8 
306.1 

f C C Y y' n 

( a tm)  ( l /a t rn)  ( l / a tm)  ( c a l )  ( c a l )  

24.5 0.2028 0.2175 

59.2 0.1525 0.1690 

106.2 0.1285 0.1450 

148.3 0.1173 0.1332 

191.0 0.1099 0.1257 

237.2 0.1046 0.1203 

286.2 0.1006 0.1166 

344.0 0.0970 0.1130 
409.9 0.0950 0.1110 
476.2 0.0927 0.1087 

558.0 0.0908 0.1064 
732.2 0.0861 0.1010 

1106.1 0.0810 0.0960 

172.8 172.3 6.85 
232.0 231.1 6.34 

276.5 275.1 6.13 

303.2 301.4 6.05 
324.1 322.0 5.00 

343.1 340.9 5.97 

359.9 357.5 5.93 
376.9 374.b 5.89 
394.4 391.7 5.88 
408.8 406.0 5.87 

424.1 421.1 5.84 
448.9 445.8 5.83 

489.9 486.4 5.81 



Table 2 

Chemical P o t e n t i a l  and Hydrate.,Number of  
Argon Hydrate at Various Pressures 

1402 

1500 
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7000 

8000 

goo0 

10000 

20500 
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95.4 273.1 

102.0 274.1 

136.1 277.5 

204.1 281.4 

271.1 283.7 

340.1 285.5 

408.2 287.0 

476.2 288.3 

544.2 289.4 

612.2 290.4 

690.3 291.2 

1394.5 297.0 

2040.8 300.0 

f 

(atd 

88.0 

94.0 

122.5 

180 .o 
237.5 

298 .o 
361 

435 

508 

585 

689 

2275 

5600 

C 

( l/a tm 1 
0.06423 

0.06225 

0.05750 

o .05222 

0.04945 

0.04735 

0.04568 

0.04435 

0.04330 

0.04230 

0.04150 

0.03655 

0.03426 

C 

(l/atm> 
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o ,06105 

o .05810 

0.05595 

0.05420 

0.05280 

o .05165 

0.05061 

0.04980 

0.04445 

0 . O w 3  

d p  bp’ 
(cal) (cal) 

186.9 185.1 6.67 

190.7 188.8 6.64 

208.9 206.9 6.49 

237.9 235.7 6.29 

260.2 257.9 6.18 

279.3 276.9 6.13 

295.7 293.3 6.06 

312.2 309.7 6.01 

325.5 322.9 5.98 

338.8 336.2 5.97 

354.0 351.3 5.93 

469.7 466.8 5.81 

561.0 557.9 5.78 
14)  50000 3401.3 303.9 30000 0.03160 0.3900 736.2 733.0 5.76 



T a b l e  3 

Chemica l  P o t e n t i a l  a n d  Hydrate Number of  
N i t r o g e n  Hydrate a t  V a r i o u s  P r e s s u r e s  

P 

( P s i )  (atm) 

2370 161.2 
3000 204.1 

4000 272.1 

5000 340.1 

6000 408.2 

7000 476.2 

8000 544.2 

goo0 612.2 

ioooo 690.3 
15000 1020.4 
20000 1360.5 

30000 2040.8 

40000 2721.0 

T 

(OK> 

273.1 

275.6 

278 5 
280.6 

282.3 
284.0 

285 3 
286.6 

287.6 

292.0 

295 2 
300 .o 
303.3 

f 

( a t m )  

155 7 

199.6 

273 -4 

353.7 
443.8 

547 6 
658.1 

785 7 

926.5 

1937 
3600 

11200 

30106 

C 

( l / a t m )  

0.03262 

0.03070 

0.02880 

0.02750 
o .02651 
0 002553 
0.02482 

0.02415 

0.02365 
0.02160 

0.02028 

o .01842 
0.01725 

C 

( l / a t m >  

0 .Oh172 

0.03951 
o .03822 
0 003697 
0.03460 

0 -03350 
0.03270 

0.03190 

0.03130 

0.02881 

0.02720 

0.02498 

0.02372 

”/” 
(tal> 

185.1 

202.7 

228.5 

249 7 
266.3 
284.3 

300.3 
316.1 

331.2 

400.3 
461.1 

576.5 
680.3 

7‘ 
( c a l l  

184.1 

201.5 

227.0 

248.0 

264.4 

282.1 

298.0 

313.7 

328 5 
396 7 

457.0 
571.2 
674.2 

n 

6.69 

6.53 
6.34 

6.23 

6.15 

6.09 

6.04 

6.00 

5.97 
5.86 

5.81 

5.77 

5.76 
14) 50000 3401.3 306.1 88000 0.01635 0.02250 793.5 786.8 5.75 



Table 4 
Comparison of Molecular Parameters from V i r i a l ,  

Viscosity ' ,  and Hydrate Data ( t h i s  work) 

Sub s t a n c e  Method €/k G 

Methane V i  s cos  i t y  137 3.822 
V i s c o s i t y  144 3 796 

V i r  i a  1 148.2 3.817 
Hydrate 148.6 3.66 

Argon 

Nitrogen 

V i s c o s i t y  124 3.418 

V i r i a l  122 3.40 
Hydrate 119.8* 3.48 

V i s  c o s  i t y  116 3 -465 
V i r i a l  119.8 3 405 

V i s c o s i t y  91.5 3.681 
V i s c o s i t y  79.8 3 749 

V i r i a l  95.05 3 698 
V i r i a l  95.9 3.71 

Hydrate 89.5 3.55 

* Taken from r e f e r e n c e  8 



Table 5 

Comparison of Heats of Formation of Hydrates from 
Clausius-Clapeyron Equation and from S o l i d  Solution Theory 

Methane Argon Nitrogen 

B.T.U./lb mol B.T.U./lb mol B.T.U./lb mol 

Press. Es.(37) Es.(38) Es.(37) Es.(38) ES.(37) Es*(38) 

2000 24700 22000 21100 19800 - _ _ _ _  - - _ _ _  
4000 26000 22400 22100 21900 20400 21600 
6000 26800 24700 22600 21000 20900 21300 
8000 27300 24300 23000 21200 21400 22230 
10000 27800 24300 23400 21100 21700 24000 
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